Abstract A systematic matrix with 25 samples, using five different point distances and five laser exposure times, depositing 75-μm-thick layers of Alloy 718 has been studied. The work has concentrated on defects formed, hardness of the deposits, and the microstructure. Relatively large amount of defects, both lack of fusion and porosity, was found in several of the specimens in the deposits. The defects were never possible to fully eliminate, but a significant decrease, mainly in the lack of fusion, was seen with increasing laser exposure time. The gas porosity on the other hand was not affected to any larger degree, except for the lowest laser energy input, where a slight increase in porosity was seen. A small increase in hardness was noted with increasing laser energy input. The width of the deposited beads increased with increasing laser energy, while the depth of deposits was more or less constant. However, for the lowest combination of point distance and laser exposure time, quite deep and narrow beads were formed. A comparison was made with deposition of 50-μm-thick layers, with quite similar laser energy input, but with some variation in detailed deposition parameters. It was found that the 75-μm-thick layers contained less lack of fusion, particularly for small point distances. The amount of porosity was also less, but that did not vary with deposition parameters.
Introduction
Several studies have been performed to evaluate the microstructures and mechanical properties of SLM processed Alloy 718 parts, for example [1] [2] [3] [4] [5] . Studies have reported the effects of laser power [5, 6] , scanning speed [6] , scanning strategy [7] , and laser energy density [5, 6] on microstructure and mechanical characteristics of Alloy 718. In SLM-manufactured parts, the desired microstructure is necessarily influenced by complex chemical and physical behaviors through the melt pool as a result of non-equilibrium laser processing technique [8] . To fully understand these effects, significant investigations are still needed to focus on microstructures and properties of the asmanufactured parts under different processing conditions.
One of the main process parameter during SLM deposition is laser energy density which, for example, controls densification features of Alloy 718 parts. The densification level is reduced at relatively low laser energy density, due to the formation of open pores and balling effect [6, 9, 10] .
In another paper, the effects of different laser scanning speeds on the densification and microstructure properties of Alloy 718 parts produced by SLM were described [11] . It was confirmed that the Alloy 718 parts were successfully fabricated with scanning speeds ranging from 100 to 1600 mm/s. However, the highest density of the parts (99.7%) was obtained with the laser scanning speed 800 mm/s, which produced good metallurgical bonding without critical defects. The optimally processed Alloy 718 parts revealed a uniform hardness distribution with an average value of 320 HV 0. 5 . In terms of microscopic properties, the microstructure of as-built Alloy 718 parts predominantly consisted of columnar grains across multiple layers, where they were oriented near-parallel to the building direction [11] .
However, more investigations are needed to fully understand the relationship between the processing parameters, microstructures, and properties of the as-fabricated parts. Furthermore, there is a lack of knowledge about the influences of laser exposure time and point distance on the microstructure and properties of SLM-deposited Alloy 718 which need to be investigated. Thus, the aim of the present work is to clarify this. A number of papers [12] [13] [14] present research into how layer thickness influences the microstructure and properties of parts obtained on the basis of the SLM technology. However, no research has been made into comparison of the characteristics of samples manufactured with the use of layer thickness equal to 50 and 75 μm for Alloy 718. A similar study was recently made for a 50-μm-thick layer [15] . In the present paper, a 75-μm-thick layer is investigated and comparison between the two layer thicknesses will be made.
Materials and experimental work 2.1 Powder feedstock
Gas-atomized Alloy 718 powder was used as feedstock. It was supplied by LPW Technology, having a spherical shape and particle size distribution in a range of 15-45 μm. The chemical composition of the Alloy 718 powder is given in Table 1 .
Laser processing
SLM manufacturing of a 5 × 5 matrix of cubic samples with dimension of 10 × 10 × 10 mm 3 was performed using a Renishaw AM 250 system equipped with a 200-W SPI Ytterbium fiber laser. An overall picture of all 25 cubes in the test matrix is shown in Fig. 1 in chapter 3.1. All cube samples were produced with varying exposure time and point distance, keeping the other process parameters constant. The samples were investigated directly after SLM processing, without any subsequent heat treatments. The energy input normally given for this process is based on Eq. 1:
where E is energy (J/mm 3 ), P is power (W), point distance is the distance between the deposited spots (mm), exposure time is the time the laser is heating on one spot (s), layer thickness is the original thickness of the deposited layer (mm), and hatch distance is the distance between two adjacent scaning rows (mm).
In the present case, P is 200 W, layer thickness is 0.075 mm, and hatch distance 0.1 mm. Point distance and exposure time will vary and consequently then also the supplied energy. The process parameters are given in Table 2 and the resulting energy input in Table 3 .
Specimen preparation
As shown in Fig. 2 , the cubic samples were cut from the normal reference plane (indicated by the dashed line) in parallel to the build direction and then polished down to a grit size of 1 μm. Finally, the polished samples were etched using Kalling's solution (40 ml of HCl + 2 g of CuCl 2 + 80 ml of methanol) at room temperature for 3 to 5 s.
Characterization of microstructure
The microstructure of all samples was investigated by optical microscopy (OM). For each sample, 16 images (100× magnification) were taken in the normal reference plane in order to examine defects such as porosity and lack of fusion. The defects were quantitatively determined by point counting [16] .
A Hitachi scanning electron microscope (TM3000, Tokyo, Japan), equipped with an EDS system, was used to study the microstructure and its phase constituents such as Laves phase and metallic carbides.
Vickers micro hardness (HV 0.5 ) measurements were taken using a micro hardness tester (HMV-2, Shimadzu, Tokyo, Japan) with an applied load of 500 g and a dwell time of 15 s. In order to perform hardness analysis along with build direction, ten micro hardness tests were performed for the samples in both top and bottom layers.
Results

General outlook of the samples
The general outlook of the 25 samples is shown in Fig. 1 . Although not very clearly seen, there is a tendency that the porosity level is much lower in specimens in the upper left corner, like specimen A1 (40 μm point distance, 180 μs exposure time), while considerably more porosity is seen in the lower left corner, like specimen A5 (65 μm point distance, 180 μs exposure time). Occasionally, large porosities are seen also for longer exposure times, but in general the porosity content is decreasing with increased exposure time for all point distances. Consequently, it seems as the best choice is to have small point distance and long exposure time. Figure 3a shows a relatively large gas porosity, found in the specimen deposited with 53 μm point distance and 180 μs exposure time. In the same figure, a lot of smaller porosities are also seen, although hardly visible. These small pores are assumed to be porosities being present in the powder already, while the large one shown in Fig. 3a is assumed to be formed during the SLM process. Figure 3b shows a lack of fusion defect in the specimen deposited with 59 μm point distance and 180 μs exposure time. Some large loosely held un-melted powder particles partly filling the lack of fusion can also be seen.
Increasing laser exposure time and decreasing laser point distance were expected to both reduced the presence of gas porosity and lack of fusion. This was certainly seen for laser point distance. However, the benefits from increased laser exposure time were mainly seen for higher point distances, while for lower point distances, the defect level was on the whole low, but with some variations. Another possibility is to compare the defect amount for different energy inputs.
In Fig. 4 , it is shown how increasing the laser energy input (taking both exposure time and point distance into account) decreased the porosity. However, it should be noted that the Fig. 1 Optical microscopy images of all 25 samples using different laser exposure time (μs) and point distance (μm) gas porosity is affected to a very small degree, while lack of fusion is significantly affected. The large scatter in the lack of fusion defects can also be noted. The gas porosity value for the lowest laser energy input (74 J/mm 3 ) was high (around 0.4%). However, in general, it was found that increasing laser energy decreased the amount of gas porosity. Overall, the gas porosity content was below 0.2%.
The main defect found was the lack of fusion. Some high values (0.8-1.2%) were found for lower energy inputs. It should though be noted that the really low values of lack of fusion are found, not for the highest laser energy, but for intermediate values. The positions B3, C1, C2, C3, D2, and E5 had the smallest amount of lack of fusion.
Effect of process parameters on hardness
The effect of point distance and exposure time on hardness was measured but it was difficult to find any clear relationships. A slightly increased hardness was found for the lower point distances using constant exposure times. However, the scatter in hardness was also quite large. If the hardness is plotted as function of laser energy input (Fig. 5) , then a slight increase is seen with increased energy input. However, the increase is not very large, from around 290 to 320 HV 0.5 .
Microstructure
The general microstructure for the four specimens at the corners of the experimental matrix (A1 = 40/180, 120 J/ mm 3 ; A5 = 65/180, 74 J/mm 3 ; E1 = 40/220, 147 J/mm 3 ; E5 = 65/220, 90 J/mm 3 ) is shown in Fig. 6 . The diameter of the deposited beads has been tried to be estimated, although it is fairly difficult and must be taken by caution. Examples of measured diameters are shown in Fig. 6 . The correlation with the heat input is shown in Table 4 below. What is clearly seen here is that a longer exposure time gives wider beads and, in that case, there is very little sensitivity to point distance. However, for the shortest exposure time (180 μs), the point distance seemed to be very important. For some reason, which is still not understood, for a small point distance and a short Fig. 7 (thus, A1 and E1 are the same as shown in Fig. 6 ). It illustrates that with larger laser exposure time, the laser energy input is increasing as well, making the width of melt pool wider. The mean value for width of melt pool showed an increasing trend from around 150 ± 16 to 290 ± 18 μm by increasing the laser exposure time. Figure 8 shows the columnar grain structure along the building direction for the sample C1 (133 J/mm 3 ). As can be seen, there is mainly a columnar dendritic growth mode, but the secondary arms are seldom well developed.
The top layers disclosed relatively coarse columnar dendrites whereas the bottom layers showed narrow and uniformly distributed columnar dendrites along the build direction, as seen in Fig. 9a, b . The widths of columnar dendrite arm spacing in top and bottom layers were around 1.3 ± 0.4 and 0.8 ± 0.2 μm, respectively. The bottom layers had direct contacts with the substrate plate. The substrate plate had lower temperature and a significantly higher thermal conductivity in comparison to the melt pool; thus, bottom layers had higher cooling rate. Consequently, as expected, finer columnar grains were formed in the first layer of the deposit.
Nb micro-segregation occurred in the microstructure. The dendrite core areas were rich in Cr, Fe, and Ni and had lower values of Nb. Conversely, the interdendritic areas were rich in Nb. Nb micro-segregation was evident in all of the different samples in this study. No clear trend was found between scanning speed and degree of Nb segregation; however, there were slightly higher values of Nb segregation for higher laser scanning speed.
Discussion
In this discussion, the individual results of 75-μm bead thickness will be discussed and a comparison with 50 μm specimens, from another recent investigation (Raza et al. [15] ), will be made. The points covered are the defects formed in the process, the hardness of the samples, and the microstructure of the deposited beads.
The defects found were lack of fusion and pores. Obviously, a longer laser exposure time gave less lack of fusion, however, with relatively large scatter. Moreover, the lack of fusion defects never completely disappeared. Since these defects were relatively large, it is questionable if they can be closed by further processing, like hot isostatic pressing (HIP) [17] . Thus, there must be a high focus of finding process parameters which can guarantee deposits free from the lack of fusion. One possible mechanism, by which the lack of fusion defects can form, is from sintering of the powder particles during the deposition process, rather than melting together in result of low laser energy input. It is also possible that spattering may occur, for higher laser energies [6, 18, 19] . However, it is questionable whether that stage was reached in the present process. No report of this phenomenon was issued during manufacturing of the samples.
The gas porosity is assumed to be a smaller problem, partly since pores are more easily closed by HIP [17, 20] , partly because pores seldom give rise to any significant problems during operations. However, it was noticed that some porosity obviously was forming during the SLM processing, in contrast to the majority of pores, which were inherited from porosity of the powder [21] .
However, comparing the present results to the one of Raza et al. [15] , depositing materials using 50-μm layer thickness (Fig. 10a) , shows that using 75-μm layer thickness seems to give significantly lower amounts of lack of fusion, especially for shorter point distances. It can also be noted that for both 50 and 75-μm bead thickness, there was an increase in the amount of the lack of fusion around 60 μm point distance, indicating that this may be an upper limit of that parameter.
However, most likely, it is not the layer thickness in itself which causes this difference in propensity to form lack of fusion, but rather the deposition characteristics in general.
For the 50-μm layer thickness, they were deposited using 115 W laser power and a laser energy varying from 87 to 153 J/mm 3 . For the 75-μm layer thickness, the used power was 200 W, but, since the hatch distance was 0.1 mm in this case, the corresponding volumetric energy was 74 to 147 J/mm 3 , i.e., somewhat lower than for the 50-μm layer thickness. So even if it is easy to assume that the lack of fusion is due to lack of energy to melt the powder grains, there seems to be at least one further parameter influencing the melting of the powder grains.
Also, the amount of gas porosity varied quite extensively between the two bead thicknesses (Fig. 10b) . For the 75 μm, about half of the amount of gas porosity was found. It is not clear, though, whether this is due to less amount of large pores or if it is the general porosity connected to the virgin powder that is less.
The results of micro-indentation for all 25 samples were shown in Fig. 5 . As mentioned earlier, for each sample, ten tests were performed to obtain an accurate value of the material hardness. There is a slight increase in hardness with increasing laser energy input. This is fairly difficult to understand, looking only from the metallurgical side. What might happen with increased laser energy input is possibly formation of γ' and γ", which could increase the hardness. Also, less formation of Laves phase could lead to higher contents of solid solution Nb, which could increase hardness somewhat [6, 22] . It is not likely that lack of fusion should give any significant effect on Fig. 7 Optical micrograph of the beads in SLM sample for five different process condition, using the same point distance (40 μm) and different exposure times hardness, since the operator normally chooses an area without porosity for doing the hardness indent.
For the 50-μm layer thickness, the hardness varied from just below 310 HV 0.5 to around 330 HV 0.5 [15] . In the present study, the hardness varied from around 290 to 320 HV 0.5 , so just below the hardness of the 50-μm layer thickness. But for the 40 μm point distance, of the 50-μm layer thickness, hardness suddenly increased for some combinations of point distance and laser exposure time to relatively high values. Thus, in general, the hardness values for 50-and 75-μm layer thicknesses are quite close, but some odd points are quite far away from the general trend.
The changes in hardness could not be associated with any differences in microstructure. On a coarser level, there was a variation in how the beads appeared, especially between specimen A1 (with the smallest point distance and shortest exposure time) and the other specimens. However, there were otherwise no particular deviations for specimen A1.
The beads varied in width and depth for all specimens, but just the specimens in the four corners were more closely investigated. However, it was not possible to directly couple the width of individual beads to either the point distance or the exposure time of the laser beam. It should of course also be recognized that there was a certain degree of scatter in the size of the beads. The numbers given in Fig. 6 are more an indication of bead sizes found. It is rather difficult to measure a large number of bead sizes in one sample, to get a statistical account of the bead size. Anyhow, it seems as the beads became wider and less deep when the point distance was increased, for the same exposure time (cf specimens A1 and A5). When the laser exposure time was increased, for a constant point distance, a significant increase in bead width was seen for a short point distance, while a much smaller increase in bead width was noted for a larger point distance [23] . At present, no explanation for this behavior has been reached.
There was a slight change in coarseness of the microstructure between top and bottom. This trend was noted for all specimens. This is assumed to be related to that the temperature of the deposit is increasing as deposition goes on. For the initial layers, the temperature was pre-set to be 150°C, but is likely to increase as deposition goes on. However, the final temperature of the deposit is not known, but obviously, the microstructure was somewhat coarser, as shown in Fig. 9 . It is consequently also possible that the cooling rate may be slower for the later beads in the deposition, compared to the initial beads [24, 25] . This may also lead to a coarser microstructure in the beads higher up in the deposits [26] . It is concluded that more work is needed to understand the variation in microstructure from variations in point distance and laser exposure time. Obviously, there are several factors during deposition that need to be controlled, to achieve a more or less fully dense microstructure. Indeed, the material will be subjected to a HIP process after deposition, but still not too large defects can be present if a suitable material shall emerge after HIP.
Conclusions
Selective laser melting process was done for the cubes manufactured specimens from Alloy 718 powder with a layer thickness of 75 μm, using a variety of point distances and laser exposure times. A systematic characterization of microstructural features shows a number of findings which are summarized as follows:
& Total porosity is found to be a function of laser energy input. By increasing laser energy input, it was decreasing. The minimum amount of porosity was observed at 122 J/ mm 3 . & Large lack of fusion was found in most of the specimen, but most commonly in those with large point distances (65 μm) and short exposure time (180 μs). & Lower amount of lack of fusion was found in 75-μm-thick layers than in 50-μm-thick layers with the same laser energy input, particularly for small point distances. & Porosity was also found, but on a lower level than lack of fusion and mostly without any coupling to process data. & Hardness increased slightly with increased laser energy input. & The width of the deposited beads increased with increased laser energy. & In the light of the present study, by using low point distance (40-53 μm) and high exposure time (200-220 μs), a denser material can be obtained.
